Infection of some cell types by reovirus evokes a caspase-independent form of cell death resembling necrosis. While reovirus strain T3D induces necrosis much more efficiently than strain T1L, which viral components contribute to this difference is not known. In this study, we identified that the sialic acid binding property of the reovirus σ1 protein affects necrosis efficiency. We found that in addition to sialic acid engagement by the virus particles, viral gene expression, in the form of viral RNA or protein synthesis, is also required for necrosis induction. Our studies reveal that sialic acid does not directly participate in necrosis induction by initiating a signaling pathway. Instead, sialic acid engagement augments necrosis induction indirectly, by increasing reovirus gene expression in each infected cell. Comparison of our results with previous studies suggests that reovirus-induced apoptosis and necrosis are initiated by distinct stages of viral infection.
Introduction
Programmed cell death is an antiviral mechanism (Flint et al., 2009; Upton and Chan, 2014) . To overcome cell death mediated restriction of virus replication, viruses encode strategies to prevent or delay cell death (Hay and Kannourakis, 2002; Lamkanfi and Dixit, 2010; Mocarski et al., 2012) . Regardless of whether viruses are hampered by the cell death response or have evolved mechanisms to overcome it, death of the infected cells contributes to viral pathogenesis (Clarke and Tyler, 2009; Mocarski et al., 2014) .
Mammalian reovirus, henceforth referred to as reovirus, is used as an experimental system to understand how the interplay between viral and cellular factors controls the induction and execution of death responses . One form of programmed cell death, apoptosis, contributes to encephalitis and myocarditis following reovirus infection of cells within the central nervous system and heart, respectively (Beckham et al., 2010; Berens and Tyler, 2011; Danthi et al., 2008a Danthi et al., , 2008b Danthi et al., , 2010 DeBiasi et al., 2004; O'Donnell et al., 2005; Richardson-Burns et al., 2002) . Apoptosis induction following reovirus infection involves activation of host transcription factor NF-κB by the upstream IκB kinase (IKK) (Connolly et al., 2000; Hansberger et al., 2007) . NF-κB activation is required for caspase-8-mediated cleavage of Bid, a BH3-only member of the Bcl-2 family of proteins (Danthi et al., 2010; Kominsky et al., 2002a, b) . Cleaved Bid, tBid, activates the intrinsic apoptotic cascade leading to the activation of effector caspases (Danthi et al., 2010) . A role for other proteins such as transcription factor IRF-3, the protein kinase c-Jun N-terminal kinase (JNK), and the protease calpain in reovirus-induced cell death has also been suggested (Clarke et al., 2004; Debiasi et al., 1999; Holm et al., 2007; Knowlton et al., 2012) . Recent studies indicate that reovirus infection of some cell types results in an alternative, necrotic form of cell death (Berger and Danthi, 2013) . Necrosis following reovirus infection occurs in absence of NF-κB function or caspase activity, but instead is diminished by blocking the kinase activity of RIP1 (Berger and Danthi, 2013) .
Events in reovirus replication that result in apoptosis induction have been extensively studied. The efficiency of apoptosis induction following reovirus infection is affected by receptor engagement (Barton et al., 2001b; Connolly et al., 2001 ). In addition, events that occur after penetration of host cell membranes by reovirus but prior to synthesis of viral RNA and proteins also are implicated in apoptosis induction (Connolly and Dermody, 2002; Danthi et al., 2006) . Consistent with the effect of early events in virus infection on apoptosis induction, the efficiency of apoptosis following reovirus infection maps to the viral S1 and M2 gene segments, which respectively encode the σ1 attachment protein and the μ1 membrane penetration protein (Connolly et al., 2001; Danthi et al., 2006; Rodgers et al., 1997; Tyler et al., 1996 Tyler et al., , 1995 .
The capacity of the σ1 protein to engage cell surface receptors affects NF-κB activation and caspase activation and therefore is a major determinant of apoptotic potential (Barton et al., 2001b; Connolly et al., 2001) . Whether σ1-receptor interactions contribute to cell death directly by activating a signaling pathway, or indirectly through effects on other aspects of viral replication, remains unknown.
While it is not precisely known how necrosis is initiated following reovirus infection, there is a key difference in the viral requirement for apoptosis and necrosis induction. Reovirusinduced apoptosis can be triggered by genome-deficient reovirus particles or UV-inactivated virus particles (Connolly and Dermody, 2002; Danthi et al., 2006) . In contrast, reovirus-induced necrosis requires the presence of transcriptionally competent viral RNA (Berger and Danthi, 2013) . Here, we demonstrate that necrosis induction following reovirus infection requires viral gene expression and that viral gene expression is enhanced by the capacity of the viral attachment protein σ1 to bind sialic acid. Both, the requirement for viral gene expression for necrosis induction and the means by which sialic acid engagement affects necrosis induction indicate that reovirus-induced apoptosis and necrosis are initiated via distinct mechanisms.
Results

The reovirus S1 gene affects efficiency of necrosis induction
We previously showed that reovirus infection of L929 cells results in caspase-independent cell death (Berger and Danthi, 2013) . Cell death in L929 cells is enhanced by RIP1 kinase activity and exhibits features of necrosis (Berger and Danthi, 2013) . We also showed that among prototype reovirus strains, T3D induces necrosis much more efficiently than T1L (Berger and Danthi, 2013) . Based on previous studies, which indicated that strain-specific differences in cell death induction are controlled by the viral S1 gene, we assessed the contribution of S1 to the necrosis-inducing capacity of reovirus (Connolly et al., 2001; Rodgers et al., 1997; Tyler et al., 1996 Tyler et al., , 1995 . For these experiments we utilized recombinant monoreassortant viruses T1L/T3DS1 and T3D/T1LS1 (Boehme et al., 2009; Kobayashi et al., 2010) . The capacity of these viruses to induce necrosis in L929 cells was compared to the parental strains T1L and T3D. Consistent with our previous work, T3D induced significantly higher amounts of cell death than T1L (Berger and Danthi, 2013) (Fig. 1) . We observed that the presence of a T3D S1 gene in an otherwise T1L background (T1L/T3DS1) resulted in cell death equivalent to that observed following T3D infection. Conversely, the presence of a T1L S1 gene in an otherwise T3D background resulted in T1L-like levels of cell death. These data suggest that the viral S1 gene determines the efficiency of cell death induction following reovirus infection.
Sialic acid binding confers potency for necrosis
The viral S1 gene encodes the σ1 attachment protein and the σ1s non-structural protein . In this study, we focused on the role of the σ1 protein. While T1L and T3D σ1 proteins both bind the JAM-A proteinaceous receptor, they bind different glycan receptors (Barton et al., 2001b; Campbell et al., 2005; Reiss et al., 2012; Reiter et al., 2011) . Whereas T1L σ1 engages GM2 glycans, T3D σ1 engages GM3 glycans that terminate in sialic acid (Reiss et al., 2012; Reiter et al., 2011) . To determine the contribution of sialic acid binding capacity of σ1 to the higher necrosis potential of T3D and T1L/T3DS1, we utilized reovirus strains T3SAþ and T3SAÀ (Barton et al., 2001a) . While T3SAþ engages sialic acid, T3SAÀ contains a Leu-to-Pro change at residue 204 near the sialic acid binding site of σ1 and cannot bind sialic acid (Barton et al., 2001a; Reiter et al., 2011) . All other gene segments in T3SAþ and T3SAÀ are derived from T1L and are identical. Comparison of cell death induction by T3SAþ and T3SAÀ indicates that T3SAþ induces significantly higher cell death than T3SAÀ at both 48 and 72 h following infection ( Fig. 2A) . These data suggest that sialic acid binding controls efficiency of cell death induction in L929 cells. As an alternate strategy to evaluate the importance of sialic acid binding to cell death induction, we pretreated the cells with neuraminidase to remove cell surface sialic acid. Neuraminidase treatment diminished the necrotic potential of T3SAþ but had no effect on cell death induction by T3SAÀ after 48 h of infection (Fig. 2B ). Together our data indicate that sialic acid binding is required for efficient induction of cell death.
Because both type 1 and type 3 reovirus strains kill L929 cells by necrosis (Berger and Danthi, 2013) , we expected that T3SAþ would also induce necrotic cell death in this cell type. To confirm the mode of cell death induced by T3SAþ , we measured the sensitivity of T3SAþ induced cell death to a pan-caspase inhibitor (Q-VD-OPh) and a RIP1 kinase inhibitor (Nec1) (Caserta et al., 2003; Degterev et al., 2008) . Analogous to our previous observations with T1L and T3D (Berger and Danthi, 2013) , cell death following infection was diminished by Nec1 but not Q-VD-OPh (Fig. 2C) . Thus, cell death following infection of L929 cells with T3SAþ occurs in a caspase independent manner and is sensitive to blockade of RIP1 kinase function.
Sialic acid binding alone is not sufficient for necrosis induction
To determine if sialic acid binding is sufficient for necrosis induction, we assessed the capacity of UV-treated T3SAþ to induce necrosis. To ensure that UV treatment did not adversely damage the integrity of reovirus particles, we exposed the virus to UV for only 1 min. To confirm that UV treatment does not affect virus attachment and entry, we compared disassembly kinetics of untreated and UV-treated virus over the first 6 h of infection. Based on the evidence that equivalent amount of virus was found attached to cells at 0 h post-infection and that a comparable amount of δ was generated at 3 and 6 h following infection, we conclude that UV treatment did not influence virus attachment, internalization and disassembly (Fig. 3A) . Due to the short duration of UV treatment, we observed that virus infectivity was not abolished but was reduced by 2-3 orders of magnitude (data not shown). To ensure that any residual infectivity present in UVtreated particles does not confound the interpretation of our results, these experiments were terminated at 24 h following infection. We found that UV treatment diminished cell death following infection initiated both at an MOI of 10 and 100 PFU/ cell (Fig. 3B ).
The reduced capacity of UV-treated virus to induce necrosis suggests that necrosis requires steps in reovirus replication that occur following RNA synthesis. To directly examine this possibility, we measured necrosis induction in cells treated with ribavirin, an inhibitor of reovirus mRNA synthesis (Rankin et al., 1989) .
A concentration of 200 μM of ribavirin was used based on the previously demonstrated effect of this dose on blocking reovirus infection (Connolly and Dermody, 2002 ). An $ 600-fold increase in RNA was observed following infection for 6 h in the absence of ribavirin. In contrast, only $ 6-fold increase was observed in the presence of ribavirin (Fig. 3C) . We observed that cell death inducing potential of T3SAþ was diminished following ribavirin treatment (Fig. 3D ). The potent induction of necrosis by treatment of cells with TNFα in the presence of a pan-caspase inhibitor was not affected by ribavirin treatment indicating that ribavirin does not influence the function of the core necrosis machinery ( Fig. 3E ) (Vercammen et al., 1998) . Moreover, our data support the idea that either viral RNA synthesis or events that occur subsequent to viral RNA synthesis are required for efficient induction of necrosis.
Sialic acid binding enhances efficiency of infection
Because RNA synthesis or events that occur subsequent to it are required for necrosis induction, it was somewhat unexpected that the sialic acid binding capacity of reovirus would influence the efficiency of necrosis. We reasoned that the impact of sialic acid engagement on the difference in the capacity of T3SAþ and T3SAÀ to elicit necrosis are likely a consequence of disparity in their efficiency to synthesize RNA or complete a subsequent step in virus replication. Given the importance of events during and after RNA synthesis for necrosis induction by T3SAþ, we first tested whether T3SAþ and T3SAÀ differ in their capacity to produce viral RNA. For this experiment, we measured the levels of viral RNA 6 h following infection. While infection with T3SAþ produced $1000-fold increase in viral RNA, infection with T3SAÀ produced only about a $300-fold increase in viral RNA (Fig. 4A ).
To measure if this difference in RNA synthesis was a consequence of the fraction of cells that were infected by T3SAþ and T3SAÀ , we used indirect immunofluorescence to detect infected cells at 9, 18, 36 and 48 h following infection. At each time point until 36 h postinfection, T3SAþ infected a greater proportion of cells in comparison to T3SAÀ (Fig. 4B) . Moreover, 100% of cells were reovirus positive in T3SAþ infected cells at 36 h following infection. 100% of cells were reovirus positive following infection with T3SAÀ only at 48 h following infection. Thus a lower level of RNA detected at 6 h following infection with T3SAÀ may be due to infection of a smaller fraction of reovirus positive cells or due to infection of these cells in a manner that produces a lower amount of viral proteins that are undetectable under the assay conditions used. Comparison of the infectivity data with those shown in Fig. 2 indicate that despite infection of 100% of cells by 48 h, T3SAÀ fails to induce necrosis to levels equivalent to those observed by T3SAþ. Thus, the differences in the necrosis-inducing potential of these two viral strains are not a direct consequence of the number of cells infected but likely due to the duration for which they are infected or the amount of gene expression taking place in each infected cell.
To confirm that the differences in infectivity of T3SAþ and T3SAÀ are due to differences in their capacity to engage sialic acid, we determined the effect of neuraminidase on the infectivity of T3SAþ. We found that neuraminidase diminished the infectivity of T3SAþ but not T3SAÀ (Fig. 4C) . Thus, sialic acid binding confers reovirus a greater capacity to establish infection in L929 cells.
Virus attachment controls cell death by influencing events that occur after receptor engagement L929 cells used for these experiment support infection by T1L, a virus that does not bind sialic acid (Berger and Danthi, 2013) . Moreover, T3SAþ and T3SAÀ exhibit equivalent particle-to-PFU ratios in these cells (data not shown). Thus, why the numbers of infected cells are different following infection with T3SAþ and T3SAÀ is not understood. To determine if there are qualitative or quantitative differences in the capacity of T3SAþ and T3SAÀ to bind L929 cells, we measured virus attachment using flow cytometry. We found that the mean fluorescence intensity (MFI), a measure of the number of virus particles bound per cell was significantly higher for T3SAþ than T3SAÀ (Fig. 5A) . These results indicate that sialic acid binding allows a greater amount of virus to bind each cell. Our data are consistent with previous studies indicating that avidity of T3SAþ for cell binding is greater than that of T3SAÀ (Barton et al., 2001a (Barton et al., , 2003 . Moreover, these findings establish a correlation between sialic acid mediated enhancement in cell attachment and induction of necrotic cell death.
Our data demonstrate that sialic acid binding is required but not sufficient for necrosis induction (Fig. 3) . Moreover, our results indicate that viral RNA synthesis or a subsequent step in virus infection also is required for reovirus-induced necrosis. Therefore it can be hypothesized that necrotic cell death requires two signaling pathways -one initiated by sialic acid engagement and the other by virus replication -that function together to evoke necrosis. An alternate explanation for these observations could be that enhanced binding conferred by sialic acid attachment results in more efficient infection and thereby results in more cell death. If the latter possibility is true, then adding greater amounts of T3SAÀ at levels that recapitulate virus attachment efficiency of T3SAþ should produce infectivity and cell death to levels equivalent to T3SAþ, even in absence of sialic acid engagement. When 20-fold more T3SAÀ was added, it displayed an MFI more closely resembling that of T3SAþ (Fig. 5A) . Under conditions where a 20-fold excess of T3SAÀ was used to initiate infection, infectivity (Fig. 5B ) and cell death induction (Fig. 5C ) by T3SAþ and T3SAÀ were also equivalent. The capacity of T3SAÀ to induce necrosis indicates that sialic acid binding per se is not required for necrosis induction. Thus, enhanced cell death efficiency conferred by sialic acid attachment is not related to signaling events initiated by sialic acid binding. Instead, the effect of sialic acid on cell death induction is a consequence of increasing the efficiency with which subsequent stages of reovirus infection occur.
The data presented thus far suggest that differences in the attachment efficiency of T3SAþ and T3SAÀ to cells determine viral infectivity and cell death. If the correlation between attachment and cell death is correct, we should expect that in a population of cells bound by T3SAþ, those cells to which more T3SAþ particles are attached will exhibit a greater level of gene expression and will be more likely to succumb to cell death. To test this idea, we infected cells at an MOI of 20 or 200 PFU per cell of T3SAþ. To quantify viral gene expression, viral RNA synthesis was measured 6 h following infection. We found that a greater amount of viral RNA accumulated in the cell as MOI increased (Fig. 6A) . Consistent with this difference in viral RNA synthesis, we found that the fraction of reovirus positive cells 9 h following infection also was higher as the MOI increased. Interestingly, at each MOI, nearly all cells displayed reovirus positivity within 18 h, a time frame roughly equivalent to one replication cycle (Fig. 6B) .
Despite infection of an equivalent number of cells, we observed that 24 h following infection, a greater proportion of cells succumb to death as the MOI increased from 20 to 200 PFU/cell (Fig. 6C) . These data our similar to our findings shown in Figs. 2 and 4 which indicate that under conditions where an equivalent fraction of cells is infected, necrotic potential of reovirus varies with the level to which viral gene products are expressed or accumulated.
We showed above that when infection was initiated at an MOI of 10 PFU/cell, necrosis was sensitive to the viral RNA synthesis inhibitor, ribavirin (Fig. 3) . To ensure that this sensitivity was maintained at higher MOIs, we also measured necrosis in the presence of ribavirin (Fig. 6C) . We found that cell death at each MOI was significantly diminished when the cells were treated with ribavirin. This result highlights the importance of viral RNA synthesis or subsequent events in the induction of necrosis.
Discussion
Infection of some cell types with reovirus results in a RIP1 kinase dependent necrosis (Berger and Danthi, 2013) . Toward gaining an understanding of how reovirus induces necrosis, we investigated the basis for the strain-specific differences in the capacity for necrosis induction. We identified that sialic acid binding capacity of the viral σ1 attachment protein controls necrosis. Though engagement of sialic acid enhances cell death, it is not sufficient for necrosis. Events dependent on production of viral RNA are also required for cell death induction. Our studies indicate that sialic acid binding enhances cell death by increasing the efficiency with which post-replicative events in the reovirus infectious cycle take place. Unlike necrosis, apoptosis induction by reovirus does not require the presence of transcriptionally competent viral RNA (Connolly and Dermody, 2002) . Thus, the incoming viral capsid is sufficient to activate proapoptotic signaling. Consistent with this, sialic acid binding reovirus strains induce greater levels of apoptosis than non-binding strains (Connolly et al., 2001 ). Evidence that even a 100-fold excess of T3SAÀ , a level that more than overcomes its lower binding efficiency (Barton et al., 2001a) , fails to induce apoptosis to levels similar to T3SAþ suggest that differences in the apoptotic potential of T3SAþ and T3SAÀ are not merely due to increase in binding to the cell but due to engaging sialic acid (Connolly et al., 2001) . Because viral disassembly is also required for apoptosis induction, it is thought that two signals, one initiated by sialic acid engagement and other by disassembly cooperatively function to induce apoptosis (Connolly and Dermody, 2002) . The contribution of sialic acid attachment for necrosis induction that we have shown in this study appears to be distinct. First, we show that when binding efficiency of T3SAÀ and T3SAþ are equalized (by using a 20-fold excess of T3SAþ ), the lower cell death efficiency of T3SAÀ can be overcome. Thus, unlike apoptosis efficiency, necrosis efficiency is dependent on levels of virus attached to cells, not the engagement of sialic acid itself. In addition, we show here that T3SAþ induces higher necrosis because sialic acid engagement augments events in reovirus replication that are required for necrosis. Thus, sialic acid binding enhances apoptosis and necrosis following reovirus infection in a distinct manner.
We demonstrate here that even when all cells are infected, sialic acid binding engagement enhances necrosis. Following attachment to receptors, reovirus particles are endocytosed and disassembled . The entry intermediates generated by disassembly deliver the viral inner core across the membrane . Cores delivered into the cytoplasm initiate mRNA synthesis . Thus, minimally, delivery of a single genetically and physically intact core would result in synthesis of viral RNA and produce a reovirus positive cell. We see in Fig. 6 that an MOI of 20 PFU/cell, nearly all cells are reovirus positive within the time frame of a typical reovirus infectious cycle. Thus 20 PFU/cell is sufficient to allow delivery of at least one functional core into the cytoplasm of each cell. As the MOI increases to 200 PFU/cell, greater numbers of virions are attached to cells, and consequently a greater number of cores are delivered into the cytoplasm and produce more viral RNA. We think that the greater level of gene expression is also manifested in our infectivity assays where cells infected with MOI of 200 PFU/cell score reoviruspositive before those that are infected with MOI of 20 PFU/cell. Because necrotic cell death is dependent on RNA synthesis or a virus replication event dependent on viral RNA synthesis, cells that are attached by more virus, produce more viral RNA and therefore succumb to necrosis. Precisely how signaling pathways involving RIP1 kinase that lead to necrotic cell death are initiated by reovirus infection is under investigation.
Viruses used for our experiments were titered on L929 cells. Measurement of viral infectivity, viral RNA synthesis, and cell death were also performed on L929 cells. We observed that despite initiating infection with an MOI of 10 PFU/cell, a dose that should result in infection of all cells within the time frame of the first replication cycle (14-16 h) (Silverstein et al., 1976) , we were unable to detect infection of all cells until multiple rounds of infection were completed. We also observed that even though infection of T3SAþ and T3SAÀ was initiated at equivalent MOIs, T3SAþ appears to propagate through the monolayer of L929 cells with faster kinetics than T3SAÀ . The basis for these peculiar observations is currently not known. One possibility is simply that our assay lacks the sensitivity to detect low-level viral gene expression. Another possibility could be that distinct signaling pathways are activated by different virus strains and that these signaling pathways affect the number of cells that are infected and the rate at which they are infected. These ideas remain to be formally tested.
Sialic acid binding controls the pathogenesis of reovirus disease. Sialic acid engagement has been demonstrated to be important for dissemination of reovirus, infection of cells of the bile duct and infection of cortical neurons (Barton et al., 2003; Frierson et al., 2012) . As an attachment moiety on the cell surface, it is thought that sialic acid affects reovirus disease because it affects the tropism of the virus. However, based on our studies here, it is tempting to speculate that at least some of the effects of sialic acid engagement on reovirus pathogenesis are due to the enhancement of post-attachment steps that lead to increased viral gene expression or cell killing. Additional experimental evidence is needed to support or refute this possibility.
Materials and methods
Cells
ATCC L929 cells were maintained in Eagle's MEM (EMEM) (Lonza) supplemented to contain 5% fetal bovine serum (FBS) (Invitrogen) and 2 mM L-glutamine (Invitrogen). Spinner-adapted murine L929 cells were maintained in Joklik's MEM (Lonza) supplemented to contain 5% FBS, 2 mM L-glutamine, 100 U/ml penicillin (Invitrogen), 100 μg/ml streptomycin (Invitrogen), and 25 ng/ml amphotericin B (Sigma-Aldrich). Virus titers and all experiments were performed in ATCC L929 cells. Spinneradapted L929 cells were used for cultivating and purifying viruses.
Viruses
Prototype reovirus strains T1L and T3D and reassortant viruses T1L/T3DS1, T3D/T1LS1 were regenerated by plasmid-based reverse genetics (Kobayashi et al., 2007) . T3SAþ and T3SAÀ are laboratory stocks that have been previously described (Barton et al., 2001a) . Viral particles were Vertrel-XF (Dupont) extracted from infected cell lysates, layered onto 1.2-1.4 g/cm 3 CsCl gradients, and centrifuged at 187,183 Â g for 4 h. Bands corresponding to virions (1.36 g/cm 3 ) were collected and dialyzed in virion-storage buffer (150 mM NaCl, 15 mM MgCl 2 , 10 mM Tris-HCl [pH 7.4]) (Berard and Coombs, 2009 ). The concentration of reovirus particles in purified preparations was determined from an equivalence of one OD unit at 260 nm equals 2.1 Â 10 12 virions per ml (Smith et al., 1969) . Virus titers were determined as described (Berard and Coombs, 2009 ).
UV inactivation of virus
UV-inactivated virus was generated using a UV cross-linker (CL-1000 UV Crosslinker; UVP). T3SAþ virus (1.7 Â 10 11 PFU/ml) was irradiated with short-wave (254 nm) UV on ice at a distance of 10 cm for 1 min at 120,000 mJ/cm 2 in a 60 mm tissue culture dish (Berger and Danthi, 2013) .
Antibodies and reagents
Anti-reovirus polyclonal antibody was obtained from T. Dermody. Anti-μ1 4A3 mAb was purchased from Developmental Studies Hybridoma Bank. Alexa Fluor-conjugated anti-rabbit IgG secondary antibody was purchased from Invitrogen. Ribavirin, Neuraminidase, Q-VD-OPh, Necrostatin (Nec1), Z-VAD-FMK were purchased from Sigma-Aldrich, MP biomedical, R&D systems, Santacruz, and ApexBio respectively and used at the indicated concentrations. None of the inhibitors displayed any cytotoxicity at the concentration used.
Assessment of ISVP formation in cells
ATCC L929 cells grown in 6-well plates were adsorbed with indicated doses of each virus at room temperature for 1 h. For analyzing ISVP formation, media added post-adsorption also included 10 μg/ml cycloheximide. Cycloheximide was used to ensure that signal from only incoming viral proteins is detected. Cells were harvested at different time points, washed with PBS, and lysed using RIPA lysis buffer (50 mM Tris [pH 7.5], 50 mM NaCl, 1% TX-100, 1% DOC, 0.1% SDS, and 1 mM EDTA) containing a protease inhibitor cocktail (Roche), 500 μM DTT and 500 μM PMSF followed by centrifugation at 13,000 rpm at 4 1C for 5 min to remove cell debris. The clarified lysates were resolved by electrophoresis in SDS-PAGE gels and transferred to nitrocellulose membranes. Membranes were blocked for at least 1 h in blocking buffer (TBS containing 5% milk) and incubated with anti-4A3 antibody (1:1000) and PSTAIR (1:10000) at 4 1C overnight. Membranes were washed three times for 5 min each with washing buffer (TBS containing 0.1% Tween-20) and incubated with 1:20,000 dilution of Alexa Fluor conjugated anti-mouse IgG (for PSTAIR) in blocking buffer. Following three washes, membranes were scanned using an Odyssey Infrared Imager (LI-COR).
Assessment of infectivity by indirect immunofluorescence
ATCC L929 cells grown in 96-well plates were adsorbed with indicated doses of each virus at room temperature for 1 h Following infection for the necessary time interval, monolayers were fixed with chilled methanol at À 20 1C for a minimum of 30 min, washed twice with PBS, blocked with 2.5% Ig-free bovine serum albumin (Invitrogen). Cells were then incubated with polyclonal rabbit anti-reovirus serum at a 1:5000 dilution in PBS containing 0.25% Triton X-100 (TX-100) at room temperature for 30 min. Monolayers were washed twice with PBS and incubated with a 1:5000 dilution of Alexa Fluor 488-labeled antirabbit IgG (Invitrogen) in PBS containing 0.25% TX-100. DAPI was added to all samples to detect all cells and measure the fraction of infected cells. The infected cells were visualized by indirect immunofluorescence using a FITC filter set on an Olympus IX71 microscope. Infected cells were identified by the presence of intense cytoplasmic fluorescence that was excluded from the nuclei. No background staining of uninfected control monolayers was observed. Reovirus antigen-positive cells and total cells were quantified by counting fluorescent cells in random fields at a magnification of 20 Â .
Assessment of viral attachment by flow cytometry L929 cells were detached using PBS supplemented with 20 mM EDTA and virus adsorption was performed by continuous rotation. After removal of the inoculum, the cells were harvested and resuspended in PBS supplemented with 5% BSA (PBS-BSA). Reovirus-specific rabbit polyclonal antiserum at 1:5000 was added and incubated at 4 1C for 30 min with continuous rotation. The cells were washed twice with PBS-BSA followed by incubation at 4 1C for 30 min with the Alexa Fluor 488-labeled goat anti-rabbit antibody at 1:1000 in PBS-BSA with continuous rotation. The cells were washed twice with PBS-BSA prior to being fixed with cold 1% paraformaldehyde in PBS. Viral attachment to cells was quantified using BD FACSCalibur Cell Analyzer and the CellQuestPro software.
RT-qPCR
RNA was extracted from infected cells using RNAeasy (Qiagen) 0.5-2 μg of RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and random hexamers. The cDNA obtained was used for PCR using the SYBR Select Master Mix (Applied Biosystems) and primers specific for reovirus T1L S2 (AAGCGTTGGCAGATCAAACT and ATGGCTTCG-TACGGAACATC) and murine GAPDH (ACCCAGAAGACTGTGGATGG, GGATGCAGGGATGATGTTCT). ΔCt values for each cDNA sample were calculated by subtracting Ct values of T1L S2 and Ct values for GAPDH. Fold change in gene expression with respect to the indicated sample was measured using the ΔΔCt method (Schmittgen and Livak, 2008 ).
Quantitation of cell death by acridine range and ethidium bromide (AOEB) staining ATCC L929 cells grown in 24-well plates were adsorbed with T1L/T3SAþ or T1L/T3SAÀ at the indicated MOI at room temperature for 1 h. The percentage of dead cells after incubation in presence in untreated cells or cells treated with the indicated inhibitor was determined using AOEB staining as described (Tyler et al., 1995) . For each experiment, 4200 cells total cells were counted, and the percentage of isolated cells exhibiting orange staining (EB positivity) was determined by fluorescence microscopy using an Olympus IX71 microscope. For each experiment, cell death in control or inhibitor treated, but mock infected cells was also determined. Since cell death under these conditions was minimal (o 3%), these data are not included.
